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Nomenclature
=aspectratio
=wingspan
=local chord
=total dragcoefficient
=lift-dependentdrag coefficient
=minimum drag envelope
=lift-dependentprofile drag coefficient
=vortexdragcoefficient
=lift coefficient
=winglift curveslopewithrespecto angleof
attack, leading-edgeflap deflectionangle,
and trailing-edgeflap deflection angle,
respectively
=sectionaldragcoefficient
=minimumprofile drag
=sectionlift coefficient
=lift coefficientat minimumdrag-also ideal
lift coefficient
=quantity proportional to CDPL
=lift-dependentprofile dragfactor
=lift-dependentdrag factorof minimumdrag
envelope
=lift-dependentdrag factor for a section
=lifHo-drag ratio
=wingarea
=spanwisestation
=angleof attack(with respecto wing
chordalplane)
=distributionof total inducedangleof
incidence
=leading-edgeflap deflectionangle
=trailing-edgeflap deflectionangle
=spanwiseloading
=yl(bl2)-nondimensionalspanwisestation
=chordwiseloading
=optimum leading-edge flap deflection angle
=optimumtrailing-edgeflapdeflectionangle
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Introduction
WING leading-andtrailing-edgeflapsare usuallyde-ployedto improvethelifting abilityofwings,especially
duringtakeoffand landing.In recenttimes,however,these
flapshavebeenusedalsoduringmaneuverconditionsto im-
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provetheaerodynamicefficiency(LID). Someexamplesof
aircraftusingsuchdevicesareF-4E,F-5E, F-16,F-is, etc.Dur-
ingamaneuver,theflapsautomatica!lyfollowapredetermined
deflectionschedulewhichisa functionof Machnumberand
angleofattack.The flap deflectionscheduleismainlydeter-
minedthroughextensivewind-tunneltests.
In thispaper,a simpleanalyticalmethodbasedon linear
theoryisdevelopedto determinetheoptimumflap schedule
for bothleading-and trailing-edgeflaps.
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Problem Formulation
and Method of Solution
If thedragpolarsareplottedfor variousflapdeflections{3
and "I, thenthe envelopeof thesepolarsdefinesthe
minimumdragenvelope.Thecorrespondingdeflections{3oPl
and 'Yepl'whichminimizethelift-dependentdragCDL' define
the optimumflap schedule.
Lift-DependentProfileDrag
For a camberedairfoil, thedragpolar canbe fairly well
representedby the relation
Cd =Cdmin+k(CI - C1i)2 (1)
To a firstapproximation,C1iand Cd canbe taken to be
functionsof camberalone.Extendingtheseargumentsto
each spanwisesection of a three-dimensionalwing (i.e.,
assumingthat the wing is composedof a seriesof two-
dimensionalairfoils of varyingcamberandthickness),the
lift-dependentprofile dragCVPLcan be determinedby in-
tegratingEq. (1) acrossthespanand is writtenas
1 rbl2
CDPL =8 J -b12Kp(CI-CI)2C dy=KpF (2)
whereKp is a constant(beingindependentof camber),and
1 l
bl2
F=-
.
(CI-C1i)2cdyS. -b12
(3)
For a wingat an incidence x,CI(-I1)andC1.can be ex-
pressedin accordancewithlineartheoryas 1
Cr (1/)=Ola+02{3+°3'Y
CI.=04[3+asl'
1
(4)
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Fig.l Flap seheduleof F-18aircraft.
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,!tereal"'" a5 are c~nstants:Substitutingthesein Eq, (3)
\~ d carryingout themtegratIOn,F canbeexpressedasa1IJ1 " C (3 dadratlCIII l.., , an ')':£ttl
F==A,CL2+A2{J2+A3'Y2+A4{3CL+A5{3'Y+A6'YCL (5)
Bere, CL ==CL"CX+CL{3{3+CL,'for smallex,(3, and 'Y.
rhe lift-dependentprofiledrag factorKp is determinedby
useof datacorrelationcurvesgivenin Refs. 1and2.The
!~:alliftcoefficientClj andzero lift incidenceon stationsof
t :ngwithdeflectedflapsarecalculatedusingthelocalloading
we andC, (1/)formulaegivenin Ref.3modifiedtoincludea~
dPing-edgeflap. Thedetailsof thesecalculationsaregiveninlea
Rei. 4.
.ortexDrag
V rJcKie'smethod3forcalculationof spanwiseloaddistribu-
- J1on wingswith spanwisediscontinuitiesin angleof in-
tl'~enceand/or wingchordhasbeenadoptedhereforwings
C\b plain leading-andtrailing-edgeflaps. Once theload
;tstributionr (1/) is known,thespanwisedistributionof local
li~tC, (1/)is relatedtor (1J)by
CI (I) =(2b/c)r(l)
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Fig. 3 Trailing-edge flap schedule.
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The totallift and vortexdragcoefficientsare
r+1
C L =A j -, r (I) dll . (7)
1
+1
CDv=A r(i/)O:j()(ll) dl)
-I
(8)
Within thelimitsof lineartheory,CDvcanbeexpressedasa
quadratic
CDV =B, CL 2+B2{32+B3"(2+B4{3CL+B5{3"(+B6"(CL (9)
whereB,. B2"'" B6areconstants.
TotalLift-DependentDrag
SincebothCDv andF arequadraticin CL, {3,and 'Y,the
total lift-dependentdragis also a quadraticand can beex-
pressedas
CDL=CDv+KpF=C,CL2
+ C2{32+ C3"(2 + C4{JCL + C5{3"(+C6'YCL (10)
(6)
whereCI, C2,..., C6 areconstants.
Flap Scheduleand MinimumDrag Envelope
To getthe flap schedule,CDi' Eq. (10)is minimized with
respecto {Jand "( for a givenCL. Thefirst derivativesof
CDL with respectto {J and 'Yare equatedto zero. The
resultingvaluesof {3oPtand'Yoptaresubstitutedin Eq. (10),
and theminimumdragenvelopeis givenby
CDLm=KrCL2 (11)
wheref(r is a constantandthe constantsCI, C2,..., C6are
determinedby knowingthetotal lift-dependentdrag coeffi-
cient for variousvaluesof {3and 'Y.
Results
Figure1 givesa comparisonof leading-andtrailing-edge
flap schedulesand Fig. 2 the resultingminimum drag
envelopefor F-18 aircraft.5 The comparison of flap
schedulesbetweentheoryand experimentfor the F-18 air-
craft (Fig. 1) does not seemto be verygood. A possible
reasonfor thiscould betherelativeinsensitivityof thedrag
coefficiento flap deflectionangle,at leastaround the flap
anglesfor minimumdragand at thelift coefficientsunder
consideration.
Figure2 shows that for the undeflectedflap case,the
estimateddrag departs from the experimentalone for
CL >0.4,indicatingthelimitsof thelineartheory.However,
with theflapsdeflected(bothleadingandtrailingedge),the
agreementbetweenexperimentandestimationis remarkably
good evenfor CL of about0.9. This can possibly be at-
tributedto theability of theleading-edgeflaps in maintain-
ing attachedflow at thesehighCL values.
A comparisonof thedragenvelopefor the F-16 aircraft
with and without programmableleading-edgeflaps was
made.The decreasein CDL when flapsare employedis
quotedas 18070in Ref. 6, which compareswell with about
15% obtainedfrom the presentmethod.Figure 3 displays
anothercomparisonbetweentheoryandtestsconductedat
the NationalAeronauticalLaboratoryon an 'aircraftmodel
(aspectratioA =3.2) at a Mach numberof 0.5. Thesetests
were donewith and withouttrailing-edgeflaps deflected.
Figure3 showsthat thetrailing-edgeflapdeflectionschedule
is predictedreasonablywellby thetheory.
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Fig. 2 F-18minimumdragenvelope.
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Conclusions
A simple method basedon linear theoryhas been
developedfor thedeterminationoftrailing-andleading-edge
flap deflectionschedulesto obtainminimumlift-dependent
drag(or equivalentlymaximumlift-to-dragratio).The resul-
tant lift-dependentdragpolarcanalso bedetermined.Exten-
sive comparisonswith availableexperimentalresultshave
provedthegeneralvalidityof themethod.It isexpectedthat
this methodwouldbe usefulin thepreliminarydesignphase
of an aircraftandalso in reducinglateron thequantumof
wind-tunneltestingneededto determineflapschedules.
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BombingError SensitivitiesUsing
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Nomenclature
=dragcoefficientof bomb
=crossrangeimpactpoint
=crossrangereleasepoint
=diameterof bomb
=downrangeimpactpoint
=downrangereleasepoint
=e~aTJ
=altitudeat bombrelease
=gravitationalconstant
=dragfactor
=massof bomb
=ballisticrange
=timeof fall
~airspeedof bombat release
=averagevelocityduringtime of flight
Introduction
E RRORS in determiningtheinitial conditionsat bombrelease,i.e.airspeed,altitude,verticalvelocity,dragcoef-
ficientanddensity,cangreatlyaffecttheaccuracyat whicha
bombreachesthedesiredimpactpoint.Sensitivitycoefficients
determinedfrom the solutionof the equationsof motion
definehowerrorsin initial conditionspropagatein errorsin
the downrangeandcrossrangeimpactpoint.Becauseof the
dragterm,theequationsof motionarenonlinearandthusare
not amenableto analytic solutions.However,by using a
simplifiedaerodynamictrajectory(SAT) wherethedragterm
is linearizedthesensitivitycoefficientscanbedeterminedin
closedform.
Vg
Vgc
Vw
Vz
x,y,z
x,y,i.
x,y,z
a
ao
(j
P
Pave
0
VOL.24,NO.6
=groundvelocityalongtrack
=groundvelocityacrosstrack
=windvelocity
=componentof airspeedin verticaldirection
=coordinates
=velocities
=accelerations
=factorusedto linearizeequationsof motion
~ averagevalue of a duringtimeof flight
=driftangle
=airdensity
=averagedensityduringtimeof flight
=diveangle
ON!
D[=DR + VgTJ- (VaTJcosO-RB) coso
C[=CR+ VgcTJ+(VaTJcosO- RB)sino
/1D[=ilDR + ARB +(/1Vg- /1VacosO)TJ
and for thecrossrange
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ReferringtoFigureI, thedownrangeandcrossrangeimpact
pointsrespectivelycanbedeterminedby
/1C[=!1CR+!1VgcTJ+(VaTJ cosO-RB)!1o
z
x
~Sine
and
w
(I) ar
(2)
By takingthe differentialsof Eqs. (1) and (2), the total
downrangeandcrossrangeerrorin the impactpoint can be
determinedbasedon the contributionsof individualerrorsin
initial conditions.For thedownrangeimpactpoint
v.
y
<Dx...t;..)
x
(3)
(4)
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Fig. 1 Coordinatesystemandgeometryfor impactprediction.
